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Findings:
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developed an initial set of gene models using RNA-seq data from eight samples that
comprise liver, muscle, cerebellum, brainstem/midbrain and forebrain tissue from
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Conclusions:
We provide a draft Bengalese finch genome and gene annotation to facilitate the study
of the molecular-genetic influences on behavioral variability and the process of vocal
learning. These data will directly support many avenues for the identification of genes
involved in learning, including differential expression analysis, comparative genomic
analysis (through comparison to extant avian genomes), and derivation of genetic
maps for linkage analysis. Bengalese finch gene models and sequences will be
essential for subsequent manipulation (molecular or genetic) of genes and gene
products, enabling novel mechanistic investigations into the role of variability in learned
behavior.
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Abstract 12 

Background: 13 

Vocal learning in songbirds has emerged as a powerful model for sensorimotor learning. Neuro-14 

behavioral studies of Bengalese finch (Lonchura striata domestica) song, naturally more variable and 15 

plastic than songs of other finch species, have demonstrated the importance of behavioral variability 16 

for initial learning, maintenance, and plasticity of vocalizations. However, the molecular and genetic 17 

underpinnings of this variability, and the learning it supports, are poorly understood.  18 

 19 

Findings: 20 

To establish a platform for the molecular analysis of behavioral variability and plasticity, we have 21 

generated an initial draft assembly of the Bengalese finch genome from a single male animal to 151x 22 

coverage and an N50 of 3.0 MB. Furthermore, we have developed an initial set of gene models using 23 

RNA-seq data from eight samples that comprise liver, muscle, cerebellum, brainstem/midbrain and 24 

forebrain tissue from juvenile and adult Bengalese finches of both sexes.  25 

 26 
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Conclusions: 27 

We provide a draft Bengalese finch genome and gene annotation to facilitate the study of the 28 

molecular-genetic influences on behavioral variability and the process of vocal learning. These data 29 

will directly support many avenues for the identification of genes involved in learning, including 30 

differential expression analysis, comparative genomic analysis (through comparison to existing avian 31 

genome assemblies), and derivation of genetic maps for linkage analysis. Bengalese finch gene 32 

models and sequences will be essential for subsequent manipulation (molecular or genetic) of genes 33 

and gene products, enabling novel mechanistic investigations into the role of variability in learned 34 

behavior.  35 

 36 

Keywords 37 
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 40 

Data Description 41 

Many motor skills, from walking and talking to the swing of a baseball bat, have the capacity for high 42 

degrees of both stability and flexibility between renditions. This capacity allows organisms to both 43 

reliably perform well-learned behaviors and to adapt behaviors in settings that present new 44 

environmental information. Regulation of this balance is a fundamental aspect of neural function, and 45 

its disruption may underlie neurological diseases characterized by excessive motor rigidity or 46 

variability, such as Parkinson's and Huntington's diseases [1,2]. Hence, understanding the neural 47 

mechanisms that mediate maintenance and adaptive modification of motor skills is critical to 48 

understanding the basis of both normal and pathological behavior. 49 

 50 

The songs of songbirds are complex vocal motor skills and provide a powerful framework through 51 

which to understand the neural mechanisms that regulate motor skill learning, maintenance, and 52 
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plasticity [3–5]. As with motor skills in humans, birdsong is learned and must be practiced to maintain 53 

performance. In particular, birdsong learning follows a similar developmental trajectory to human 54 

speech learning: song is initially acquired during an early critical period followed by a period of practice 55 

and then relatively invariant song production throughout adulthood [6]. Adult song relies on auditory 56 

feedback both to maintain song at a stable setpoint and to support adaptive change in response to 57 

environmental perturbations. Importantly, song production and learning is subserved by an 58 

anatomically discrete and functionally dedicated set of brain nuclei, which allows targeted 59 

characterization of electrophysiological and molecular properties of those nuclei that can be related 60 

back to song  production, learning, and plasticity.  61 

 62 

Relative to the songs of other commonly studied songbirds, the song of the Bengalese finch has 63 

several experimentally useful features that facilitate the study of behavioral variability in both learning 64 

and maintenance of complex behaviors. Bengalese finches (Fig. 1) exhibit substantial rendition-to-65 

rendition variability in both the ordering and phonological attributes of their song elements [7]. This 66 

natural variation acts as a substrate for error-corrective learning [8–11] and has facilitated the analysis 67 

of how fluctuations in central nervous system activity lead to behavioral variation [12,13]. Furthermore, 68 

Bengalese finch song is more sensitive to auditory feedback and operant training paradigms than the 69 

songs of other songbird species. Complete loss of auditory feedback results in an increase in song 70 

sequence variability and the rapid degradation of its spectral content [14,15]. Experiments using 71 

subtler distortions of auditory feedback indicate that Bengalese finches make corrections to adaptively 72 

adjust their song to minimize errors [9,16]. These studies, facilitated by behavior specific to the 73 

Bengalese finch, have provided insight into the neural mechanisms driving variability and how that 74 

variability facilitates learning. However, studies of the molecular mechanisms which support this 75 

variability have been precluded by the absence of a genome assembly. 76 

 77 
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Beyond facilitating molecular studies of learning, this genome assembly is the first of a species in the 78 

genus Lonchura, which comprises approximately 37 species variously called munias or mannikins. 79 

Recent constructions of the Estrildid clade indicate that the Lonchura genus is monophyletic (with the 80 

exceptions of the African (L. cantans) and Indian (L. malabarica) silverbills) and radiated 81 

approximately 6 million years ago (MYA) [17–19]. The zebra finch (Taenopygia guttata), which is also 82 

an Estrildid and has the mostly completely assembled songbird genome to date, shared a most recent 83 

common ancestor with the white-rumped munia ~9 MYA. The assembly provided here presents an 84 

opportunity for further comparative genomic work as well as molecular genetic analysis in a previously 85 

poorly studied genus. 86 

 87 

Bengalese finches are a domesticated variant of the white-rumped munia (Lonchura striata), an 88 

Estrildid finch that is indigenous to Southeast Asia including India, Myanmar, Thailand, Malaysia, and 89 

South China [20]. The birds are socially gregarious and live in large colonies that forage through open 90 

grasslands and urban backyards. The first well-documented case of domestication of the white-91 

rumped munia is thought to have occurred approximately 250 years ago at the request of a Japanese 92 

feudal lord, and the species has been selectively bred for tameness and reproductive efficiency [21]. 93 

Today, Bengalese finches (also known as Society finches) are widely kept as household pets. 94 

Interestingly, although there is no clear evidence that the Bengalese finch was bred for certain song 95 

characteristics, comparisons of the songs of the ancestral white-rumped munia and the Bengalese 96 

finch indicate that domestication has resulted in increased song complexity and a broader capacity to 97 

learn the songs of both the wild and domesticated variants [22,23]. Domestication has also led to 98 

laboratory populations that exhibit substantial interindividual variation in both plumage and song 99 

characteristics. This phenotypic variation is matched by high levels of genetic variation. Marker typing 100 

analysis of our outbred colony indicates polymorphism densities on the order of outbred human 101 

populations [D. Mets and M. Brainard, unpublished observation]. The addition of a genome sequence 102 
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for a domesticated species opens opportunities for comparative analysis into the impact of 103 

domestication on the genome. 104 

 105 

Several songbird genome assemblies have been generated in recent years, including genomes for the 106 

zebra finch [24], canary [25], and American crow [26], opening up songbirds to genome-wide 107 

molecular analysis. However, the unique song features of Bengalese finches provide a system ideally 108 

suited to address specific questions regarding the molecular properties of the song system that 109 

facilitate or constrain song variability and the ability to respond to altered environmental conditions. 110 

 111 

To lay the groundwork for molecular studies in the Bengalese finch, we generated a high coverage 112 

draft genome assembly and constructed an initial set of gene annotations.  113 

 114 

Re-use potential 115 

We expect that this resource will be used by other researchers for differential expression analysis, 116 

functional genomics, and comparative genomic analysis (through comparison to existing avian 117 

genomes), with a specific application to characterizing the differences between the genomes of the 118 

Bengalese finch and its ancestral species that contribute to differences in their songs [21]. The 119 

assembly can also be used as a reference for low coverage sequencing and marker typing 120 

experiments examining how genetic variation within a laboratory populations contributes to heritable 121 

variation in song. Additionally, these gene models and sequences will be essential for manipulation 122 

(molecular or genetic) of genes and gene products, a prerequisite for developing models for molecular 123 

mechanisms. Moreover, this is first large-scale genome assembly of a member of the Lonchura genus 124 

and will aid in further reconstructions of Estrildid phylogeny and in songbird evolution generally. 125 

 126 

Methods 127 

Animals 128 
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All birds were from our breeding colony at UCSF, and experiments were conducted in accordance with 129 

NIH and UCSF policies governing animal use and welfare. 130 

 131 

Genomic DNA library construction 132 

Blood was collected from a single Bengalese finch adult male and purified using DNeasy Blood & 133 

Tissue Kit (Qiagen). 134 

 135 

We prepared two sets of libraries for genome assembly: one set with small insert size libraries and a 136 

second with larger insert size mate-pair libraries. First, small insert size libraries with two different 137 

sizes were constructed. Two samples of 2.2 ug of genomic DNA were sonicated using a Covaris 138 

M220, 130 µl microTUBE, and presets for a target size of 200 bp (peak incident power 50 W, duty 139 

factor 20%, cycles per burst 200, treatment time 160 s). Samples were then purified using Sample 140 

Purification Beads (Illumina). Libraries were prepared from this sonicated gDNA using the TruSeq 141 

DNA PCR-Free LT Library Preparation Kit (Illumina). Briefly, samples were end repaired using End 142 

Repair Mix 2 then bead purified. Samples were then size selected using a BluePippin 2% agarose, 143 

dye-free, external marker gel (Sage Biosciences) set for 200 and 220 bp tight selection. Samples were 144 

then a-tailed, adapter ligated, and purified as indicated in the manufacturer's protocol.  145 

 146 

Next, mate-pair libraries were constructed using the Nextera Mate-Pair Library Preparation Kit 147 

(Illumina) with 3, 5, and 9 kb insert sizes. 4 µg purified genomic DNA was tagmented as 148 

recommended in the manufacturer's protocol then purified using the Genomic DNA Clean and 149 

Concentrator Kit (Zymo). The protocol was continued through strand displacement and size selected 150 

using BluePippin 0.75% agarose, dye-free gels (broad selection at 2000-4000 bp, 4000-6000 bp, and 151 

8000-10,000 bp respectively). After selection, the protocol was continued through final PCR 152 

amplification. 153 

 154 
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RNA collection and library construction 155 

All tissues were dissected out then minced and homogenized on ice. RNA was extracted using 156 

standard TRIzol extraction. 2 µg total RNA was DNase-treated using 2U rDNase I (Ambion) at 37°C 157 

for 25 minutes. DNase-treated total RNA was purified using RNA Clean and Concentrator 25 (Zymo) 158 

then 120 ng of this sample was prepared for sequencing using the Encore Complete DR RNA-seq 159 

Library System (NuGEN) according to the manufacturer's protocol. Table 1 provides tissue information 160 

including sex and ages of the animals.  161 

 162 

Sequencing 163 

Small insert, mate-pair, and total RNA libraries were sequenced on eight lanes of an Illumina HiSeq 164 

2500 using V4 chemistry at Elim Biopharm (Hayward, CA). Libraries were sequenced paired end to 165 

125 cycles. Sequencing statistics are found in Table 1. 166 

 167 

Genome assembly 168 

Sequencing data was assembled at the UC Davis Genome Center using ALLPATHS-LG [27].  Prior to 169 

assembly, reads were trimmed for TruSeq (fragment libraries) or Nextera (jumping libraries) adapters 170 

using Trim Galore!, a wrapper for CutAdapt [28]  and FastQC [29].  ALLPATHS-LG was then run using 171 

standard parameters. Statistics for the resulting assembly are in Table 2.  172 

 173 

Repeat masking  174 

The genome assembly was first masked for simple repeats and using specific repeat models 175 

generated using RepeatMasker open-4.0.5 [30] with -lib flag set using custom families generated 176 

using RepeatModeler open-1.0.8 [31]. Approximately 7.5% of the genome was classified as repetitive, 177 

comprising 80 Mbase of DNA. More detailed repeat element statistics can be found in Table 3. 178 

 179 

Transcript assembly and gene annotation 180 
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RNA library sequencing reads were first trimmed for TruSeq adapters and poly-adenosine tails using 181 

Trim Galore!. Reads were aligned to the genome assembly using STAR v2.4.0h [32] set to remove 182 

non-canonical intron motifs, then assembled into transcripts using Cufflinks v2.2.1 [33] (-j .5 –min-183 

frags-per-transfrag 50 –max-intron-length 1000000, otherwise default parameters). 184 

 185 

Gene annotation was performed using the MAKER2 pipeline [34] (Fig. 2). The following sources of 186 

evidence were used: 187 

 188 

1) Cufflinks transcript assembly described above 189 

2) A collection of UniProt protein sequences from human, mouse, chicken, and zebra finch. 190 

3) Zebra finch EST collection (taeGut2) downloaded from UCSC. 191 

 192 

An initial set of gene models was used to train Augustus v2.5.5 [35], and the MAKER2 pipeline was re-193 

run using these models to improve annotation. 3’ UTRs were added by intersecting these gene 194 

models with Cufflinks generated transcripts. MAKER2 generated 17,268 gene models that were 195 

filtered by AED scores below 0.5 (a measure of model support) to yield 15,313 models. These models 196 

were then manually curated using Apollo v2.0.4 [36] to ensure completeness and to refine UTR 197 

positions. Open reading frame sequences were aligned to the Uniprot-SwissProt protein database 198 

(downloaded 3/20/2015) using BLASTP [37], which yielded 14,449 genes with a protein assignment 199 

with e-value less than 10-10. 200 

 201 

CEGMA [38], which detects highly conserved genes (CEGs) to assay genome completeness, yielded 202 

65% complete CEGs and 94% partial CEGs. A similar approach, BUSCO [39], which detects near-203 

universal single-copy orthologs, yielded 86% complete (n=2621), 4% fragmented (n=122), and 9% 204 

missing (n=280) vertebrate genes (total n=3023).  205 

 206 
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A comparison of this assembly and annotation with the assemblies in the Avian Phylogenomics 207 

Project can be found in Figure 3. The full assembly and annotation were submitted to NCBI using 208 

custom scripts, GAG [40], Annie [41], and NCBI tbl2asn.  209 

 210 
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server during review process]. 217 
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Figure legends 327 

Figure 1. Bengalese finch (Lonchura striata domestica). An adult male Bengalese finch. 328 

Figure 2. Flowchart of genome assembly and annotation. Experimental and computational 329 

approach used for genome assembly and gene annotation. 330 

Figure 3. Comparison of Bengalese finch and Avian Phylogenomics Project assemblies.  The 331 

distributions o sequencing depths (A), scaffold N50 (B), and number of annotated genes (C) are show 332 

for the assemblies in the Avian Phylogenomics Project as of September 14, 2017. Vertical red line 333 

indicates the corresponding statistics for the Bengalese finch assembly and annotation described 334 

here.  335 

Table legends 336 

Table 1. Descriptions of libraries used for genome assembly and gene annotation. 337 

Table 2. Statistics of draft genome assembly. 338 

Table 3. Repeat elements in the genome assembly identified by RepeatMasker. 339 
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Figure 1. Bengalese finch (Lonchura striata domestica)
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Figure 2. Flowchart of genome assembly and annotation.
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